of the ventromedial hypothalamus involved in reproduction and aggression (Halpern, 1987 1989). Pheromones in mammals convey specific inforcated in the main olfactory epithelium and in the vommation concerning the species, gender, and identity of eronasal organ (VNO). Pheromones activate the VNO the animal in order to trigger stereotyped behavioral and in order to elicit fixed action behaviors and neuroendoneuroendocrine responses. These responses ensure crine changes involved in animal reproduction and agbreeding and hierarchical order in the animal group and gression. Differential screening of cDNA libraries conare primarily mediated by the VNO with a contribution structed from individual rat VNO neurons has led to from the main olfactory system. In most instances, the the isolation of a novel family of ‫001ف‬ genes encoding exact nature of mammalian pheromones has not yet seven transmembrane receptors with sequence simibeen elucidated. larity with Ca 2؉ -sensing and metabotropic glutamate Recent molecular advances have demonstrated that receptors. These genes are likely to encode a novel MOE and VNO sensory neurons utilize unrelated sets of family of pheromone receptors. Patterns of receptor genes to translate the olfactory information into electrigene expression suggest that the VNO is organized cal stimuli (Dulac and Axel, 1995; Liman, 1996), suginto discrete and sexually dimorphic functional units gesting that, despite a common location in the nose and that may permit segregation of pheromone signals a common embryonic origin in the olfactory placode, the leading to specific arrays of behaviors and neuroendotwo chemosensory systems might have evolved from crine responses.
closest to the apical surface. Subsequent efforts to identify the full repertoire of vomeronasal receptor genes that are presumably expressed in other regions of the vomeronasal epithelium have been unsuccessful, supporting the idea that the receptors we had initially isolated accommodated only a subset of VNO neurons. Independent studies have shown that distribution of several markers, including potential components of signal transduction pathways, is regionalized in nonoverlapping populations of vomeronasal sensory neurons (Shinohara et al., 1992; Halpern et al., 1995; Berghard and Buck, 1996) . For example, the G proteins G␣i2 and Go are expressed in the apical and basal halves of the VNO neuroepithelium, respectively, and immunocytochemistry of the accessory bulb indicates that fibers reaching the accessory bulb are likely to stay segregated according to their origin from the apical or basal sides of the VNO (Figure 1 ). This together with our data suggests that the VNO maintains a dual structure for the processing of pheromone signals and incited us to search for a second family of pheromone receptors in the VNO neuroepithelium.
Differential screening of a cDNA library prepared from individual VNO neurons led us indeed to the identification of a novel family of ‫001ف‬ genes that present a topographically organized and sexually dimorphic pattern of expression. These newly discovered genes encode putative receptors that show sequence similarities with a superfamily of G-coupled seven transmembrane domain receptors, which include the Ca 2ϩ -sensing receptor and metabotropic glutamate receptors. Thus, this novel class of VNO receptors has a molecular structure that is evolutionarily independent of the odorant receptors of the MOE and of the first identified family 
Results
and are likely to project to different areas of the accessory olfactory bulb (AOB).
The VNO Neuroepithelium Expresses
(B) Schematic representation of VNO and MOE axonal projections.
Two Independent Families
In the bulb, MOE and VNO axons form neuropils called glomeruli where they synapse with mitral cells. OB and AOB mitral cells project of Pheromone Receptors to distinct centers of the brain. aot, accessory olfactory tract; lot, We hypothesized the existence of two distinct families lateral olfactory tract.
of genes encoding pheromone receptor genes that are selectively colocalized with either the G␣ o protein in the basal half of the vomeronasal neuroepithelium or with in the vomeronasal system that translate pheromone the G␣ i2 protein in the apical region. For simplicity of signals into stereotyped and sexually dimorphic behavnomenclature, and with the understanding that the coioral responses.
segregation of distinct G-protein ␣ subunits with indeWe recently developed a cloning strategy that led pendent families of pheromone receptors is consistent to the isolation of genes likely to encode mammalian but does not demonstrate a functional link, the family pheromone receptors (Dulac and Axel, 1995) . Differential of genes encoding putative pheromone receptors that screening of cDNA libraries constructed from single senwe have previously identified and that colocalize with sory neurons from the rat VNO has enabled us to isolate G␣i2 will be named G␣i2-VN, whereas the novel family of a family of genes encoding a novel family of seven transreceptors coexpressed with Go and described in this membrane domain receptors unrelated to the receptors study will be named G o -VN. expressed in the MOE and to other known seven transIn the absence of information concerning the nature of membrane domain receptors. However, transcripts isothe G o -VN receptor molecules, we reiterated the cloning lated by virtue of sequence homology with the family of strategy that allowed us to identify a family of putative VNO receptor genes were consistently expressed in a pheromone receptor genes expressed by G␣ i2 ϩ neurons (Dulac and Axel, 1995) . This strategy was based on the restricted area of the vomeronasal neuroepithelium (E) Rat genomic DNA was digested with EcoR1 (a) and BamH1 (b) and analyzed on Southern blots after hybridization with G oVN13a (1) and G o-VN13b (2 and 3) probes under conditions of high stringency (1 and 2) and low stringency (3).
assumption that individual neurons within the VNO are of VNO neurons from the basal half of the neuroepilikely to express only one pheromone receptor gene and thelium. that transcripts encoding a given receptor represent between 1% and 0.1% of a single-cell mRNA. Differential
Sequence of a New Family of VNO Receptors screening of cDNA libraries constructed from singleRecombinant phages from a VNO cDNA library were VNO neurons takes advantage of the fact that different screened at low stringency with the G o -VN13B DNA cells express different receptors and thus provides an probe. Six distinct gene subfamilies were isolated that experimental solution to the problem of detecting a speshowed no cross-hybridization under stringent condicific transcript in a heterogeneous population of neutions of hybridization and washing. cDNAs G o -VN1 to rons. In this attempt, we expected that differential G o -VN6, each representative of a subfamily, were fully screening of a cDNA library prepared from an isolated sequenced ( Figure 3 ). In Go-VN1 to Go-VN5 cDNAs, the (von Heijne, 1986) . A clusthat expression of these transcripts is restricted to a ter of seven hydrophobic regions representing potential small subpopulation of VNO neurons in a location conmembrane-spanning helices and typical of the G prosistent with the region of G o expression of the neuroepitein-coupled receptor superfamily is followed by a short thelium (Figure 2) . The sequence of G o-VN13B reveals hydrophilic sequence that indicates a potential intracya partial open reading frame that includes seven hytoplasmic C-terminal domain. drophobic stretches of ‫02ف‬ amino acids in length. G o -A database search indicated the presence of se-VN13B sequence does not share any resemblance with quence motifs common to Ca 2ϩ -sensing and metabothe odorant receptor genes nor with the family of putatropic glutamate (mGluR) receptors (Houamed et al., tive pheromone receptor genes previously identified 1991; Masu et al., 1991; Brown et al., 1993; Pollak et al., (see below) . In addition, hybridization of G o-VN13B DNA 1993). Pairwise sequence alignments reveal 18% to 23% probe to genomic DNA identified two discrete bands at sequence identity between the rat Ca 2ϩ -sensing recephigh stringency and 13 or more at lower stringency (Fig- tor and the most distant (G o -VN3) and the closest (G oure 2E), revealing the existence of a family of closely VN1) Go-VN sequences, respectively. Sequences of rat related genes in the rat genome. mGluR1 and Go-VN cDNAs appear more distantly reTaken together, these data indicate that we have isolated. Several localized regions showed a more prolated a novel multigene family encoding seven transmembrane domain receptors and expressed by subsets nounced degree of similarity, including a cysteine-rich The deduced amino acid sequences of eight cDNAs belonging to the Go-VN family of putative pheromone receptors. Predicted position of seven transmembrane domains is indicated (I-VII). Amino acids common to at least five cDNAs are shaded. Amino acids common to the rat mGluR1 and Ca 2ϩ -sensing receptors are indicated by a star.
sequence just preceding the first transmembrane dostretches of open reading frame can be found in the 5Ј extremity of the cDNAs that generate polypeptide main (amino acid 206 to 260 in Go-VN1), the predicted transmembrane domains 2 to 7 with surrounding cytosequences of 310 and and 152 amino acids, respectively, which are interrupted by a frameshift in Go-VN1 plasmic and extracellular loops, and the relative position of 20 cysteines. The N-terminal and first transmembrane and by an insertion of 500 nucleic acids in G o -VN3. The prospective receptor protein sequences indicated for domains show little degree of homology. In mGluR and Ca 2ϩ -sensing receptors, the second intracellular loop is G o -VN1 and G o -VN3 (Figure 3 ) start at the next available methionin and are therefore significantly shorter than involved in providing specificity for G-protein coupling (Gomeza et al., 1996) , enabling different classes of those of other receptor cDNAs. Further studies will be required to assess whether protein translation can inmGluR receptors to activate phospholipase C or to inhibit adenylyl cyclase. In G o -VN, this domain is rich in deed be initiated at the position indicated and whether receptor proteins hence generated are functional. basic residues, as expected for potential G-protein coupling, and shows closer resemblance to the class II and Go-VN7 and Go-VN13c cDNAs show a similar deletion of 150 bp located at the exact same position in the III mGluRs that were shown to couple to Go and Gi ␣ subunits.
sequence. Strikingly, the 150 bp deletion does not alter the open reading frame but generates a gap that encomOverall, the six Go-VN sequences share between 42% and 75% sequence identity. Regions of Go-VN proteins passes 34 amino acids upstream of the first transmembrane domain and most of the first transmembrane downstream of transmembrane domain 2 are nearly identical in all VNO receptor sequences. In contrast, domain itself. Hydropathy analysis of G o -VN7 and G oVN13c protein sequences detects only a seven to eight N-terminal extracellular regions and first transmembrane domains are quite divergent.
amino acid long hydrophobic stretch that might not be long enough to replace the deleted transmembrane domain 1 and allow the appropriate folding of the protein.
Anomalies in G o -VN cDNA Sequences
Two unusual features were observed in the sequence Except for the 150 bp gap, sequences of G o -VN13B and G o -VN13C are identical. This raises the question as to of some G o -VN cDNAs. In G o -VN1 and G o -VN3 cDNAs, detects small subsets of VNO sensory neurons ( Figure  5 ). When hybridization and washing were performed at lower temperature, the number of faintly labeled neurons increased significantly ( Figure 5 ), revealing crosshybridization to more distant receptor genes.
Under high stringency conditions, cDNA clones G o -VN1 to G o -VN6 label 1.9%, 3.6%, 6.1%, 0.4%, 3.5%, and 1.3% of the VNO sensory neurons, respectively. Under the same experimental conditions, the mix of all six G o -VN RNA probes labels 19% of the cells. This number is similar to the sum of labeled neurons detected with the 
Spatial Distribution of G o -VN Receptor Transcripts
Positive neurons identified with each of the G o -VN probes were randomly distributed along the anterowhether both transcripts might originate from alternative posterior and dorso-ventral axis of the VNO neuroepisplicing of the same gene. Alternatively, they might be thelium. Most RNA probes recognize cells that are preftranscribed from independent genes that evolved from erentially localized in the most basal two-thirds of the recent duplication and deletion events. Additional exneuroepithelium corresponding to the zone of G o experiments will be required to determine whether these pression ( Figure 5 ). deleted transcripts are able to generate functional proHowever, careful examination of adjacent cross-secteins or whether they simply correspond to pseutions of vomeronasal neuroepithelium labeled with each dogenes.
of the Go-VN probes reveals a well-organized spatial distribution of receptor expression. Different receptors Size of the Go-VN Family of Genes appear preferentially localized in radial zones that define We investigated the size of the Go-VN family of receptors a series of hemiconcentric rings of distinct diameters. by hybridizing 32 P-labeled cDNA probes prepared from This pattern is observed along the entire length of the regions spanning the most divergent N-terminal half of VNO and is conserved in all animals analyzed. The G othe receptor protein to rat genomic DNA. Individual VN3 probe, for example, recognizes a subset of neurons probes identify two to four discrete bands under strinthat are confined to the most basal third of the VNO gent conditions of hybridization and washing. Under neuroepithelium ( Figure 5 ). In contrast, the G o -VN1, G oconditions of reduced stringency, each of the individual VN4, and G o -VN5 RNA probes identify cells restricted probes now generates a unique pattern of 12 to 20 bands to a hemiconcentric zone immediately apical to the area (Figure 4) , providing a direct illustration of the existence of G o -VN3 expression, whereas G o -VN2 (in the section of a very large family of related genes.
shown in the upper right corner of Figure 5 ) identifies A direct estimate of the size of the Go-VN receptor cells apposed to the apical layer of supporting cells. G ogene family was obtained by low stringency screening VN6 in turn is found only in sparse cells immediately of a rat genomic library. PCR amplification on genomic apposed to the basal membrane. This is best seen in a DNA had indicated that receptor genes are devoid of statistical representation of Go-VN receptor localization introns in the region encompassing transmembrane docollected from VNO sections and multiple animals that mains 2 to 7 (data not shown), enabling us to deduce shows a striking conservation of these patterns ( Figure 6 ). directly the number of genes present in the rat genome.
Thus, transcription of G o -VN cDNAs appears re-A mix of 32 P-labeled DNA probes prepared from the six stricted to one of three circumscribed areas of the VNO G o -VN cDNA fragments identified 110 positive clones neuroepithelium in a manner quite reminiscent of the per haploid genome, indicating that the family of G o -VN odorant receptor gene expression in four zones of the receptors may consist of ‫001ف‬ genes.
MOE (Ressler et al., 1993; Vassar et al., 1993) . Although G o -VN3 and G o -VN6 transcripts show a clear segregation Expression Pattern of Go-VN Receptors in the most basal region of the VNO neuroepithelium, The pattern of expression of the Go-VN receptor genes the sequence anomalies found in both transcripts leave was examined by in situ hybridization with digoxigeninthe functionality of this area of the neuroepithelium as labeled RNA antisense probes. No signal was observed an open question. after hybridizing the mix of Go-VN1 to Go-VN6 receptor probes to sections of muscle, testis, brain, or whole head. The adult olfactory epithelium was also consisSexual Dimorphism in Receptor Distribution and Age-Related Changes tently negative, although rare positive cells (one to three cells per section) were observed in the olfactory neuroTo identify potential sexual dimorphism in G o -VN receptor expression, we systematically hybridized each probe epithelium of E19 rat embryo (data not shown).
In contrast, strong signals were observed when antito sections originating from adult male and female rat VNOs. All receptors were equally distributed in males sense receptor RNA probes were hybridized to VNO neuroepithelium. In adults, each one of the G o -VN probes and females with the striking exception of G o -VN2. In females, Go-VN2 appears expressed in a large and cenG␣i2 ϩ cells appear randomly distributed in large clusters trally located region comprising one-third of the neuroover the whole thickness of the neuroepithelium, interepithelium (Figures 5 and 6) . In sharp contrast, the same mingled with Go cells. At 4 weeks after birth, however, probe recognizes in males a cohort of cells in the most G␣ i2 cells appear clearly localized in the apex of the apical side of the neuroepithelium, closely apposed to epithelium. Similarly, in situ experiments with mixes of the VNO lumen, and most likely intermingled with G␣ i2 G o -VN and G␣ i2 -VN receptor probes on sections of the VNO sensory neurons (Figures 5 and 6 ). Such a differVNOs dissected from late embryos and 1-week-old anience in the Go-VN2 expression pattern in males and mals ( Figure 7) show that the two cell populations are females might result from the expression of the same still intermingled at early postnatal stages. We observed receptor gene in a different zone of the VNO epithelium that the zonal distribution of the two families of receptors or from a differential expression of two distinct but slowly emerges during sexual maturation to reach the closely related genes of the Go-VN2 subfamily. In fespatial distribution observed in adults. Preliminary data males, G o -VN2 generates a very intense hybridization indicate that the sexual dimorphic expression pattern signal to most positive neurons and a fainter staining of Go-VN2 is undetectable at 6 weeks after birth (data on a second set of labeled cells. The population of faintly not shown). labeled cells was never detected in males, indicating the Thus, in contrast to the zones of olfactory receptor existence of a female-specific neuronal subpopulation gene expression, which are already present in the olfacexpressing either a lower level of the G o -VN2 transcript tory epithelium at the earliest stages of receptor gene or a female-specific receptor significantly different but expression in the embryo (Sullivan et al., 1995) , the spastill cross-hybridizing to the G o -VN2 probe.
tial organization of the VNO neuroepithelium as detected We followed the emergence of receptor expression by G-protein and receptor gene expression emerges and of the VNO zonal organization during development only in a late postnatal period and reaches its definitive and postnatal stages preceding puberty. Go-VN receptor pattern at sexual maturity. expression is first detected in the VNO of E14 embryos. No significant difference is observed in the onset of
Expression of G o -VN Receptors Is Restricted expression of G␣ i2 -VN and G o -VN classes of receptor to G o ؉ VNO Neurons genes (data not shown). In agreement with data of Ber-
The expression of some of the G o -VN receptors in neughard and Buck (1996) in mouse, segregation of G␣ i2 rons lining the VNO lumen in an area mainly occupied and G o expression in the apical and basal areas of VNO by G␣ i2 ϩ cells raises the obvious question as to whether neuroepithelium, respectively, is not apparent in the embryo and in 1-week-old animals (Figure 7) . In contrast, the expression of this family of genes is strictly restricted In situ hybridization was performed on cross-sections through the head of 1-week-old rats. Antisense digoxigenin-labeled RNA probes were generated from cDNA encoding G o , G␣ i2 , and mix or G o -VN and G␣ i2-VN receptors. Scale bar ϭ 120 m.
Discussion
We have isolated a novel family of ‫001ف‬ genes encoding seven transmembrane domain receptors that shows topographically organized and sexually dimorphic patterns of expression in the vomeronasal neuroepithelium. These genes are likely to encode a novel family of mammalian pheromone receptors that may provide the molecular basis for translation of pheromone signals into spective location in the basal or the apical half of the For Go-VN2, 14 sections corresponding to ten individuals and four VNO neuroepithelium (Halpern et al., 1995; Berghard and independent experiments were analyzed for each sex. Buck, 1996) . Axel, 1991; Dulac and Axel, 1995 ; duction. The possibility of pheromone perception in hu- Troemel et al., 1995; Sengupta et al., 1996) . These large mans is still debated: the consequences of VNO activafamilies of genes encode potential surface receptors tion in humans have been difficult to demonstrate, since with seven highly variable transmembrane domains surpheromones are likely to elicit subtle changes in brain rounded by a short N-terminal segment and interconactivity that are tempered by strong behavioral connecting loops. On the basis of structural homologies straints (Humphrey, 1940 ; but also see Berliner et al., with ␤-adrenergic receptor, it is thought that in this type 1996). We had previously characterized two members of receptor, receptor-ligand interaction occurs within of the G␣ i2-VN family of receptors in the human genome the plane of the membrane (Strader et al., 1987 ; Kobilka that appeared to be pseudogenes (Dulac and Axel, et al., 1988). 1995) . In preliminary experiments, we have now isolated ten genes sharing sequence homologies with the G o -VN family of pheromone receptors. However, the presence
The Relationship between the Two Populations of introns in the genome makes it difficult at present of VNO Sensory Neurons to identify the entire coding sequence and assess the Does the existence of structurally distinct pheromone functionality of these genes. Figures 2A and 2C) , differential expresclasses of ligands. Therefore, no assumption can be sion of several markers, including lectins (Ichikawa et made concerning the type of pheromone that each class al., 1994), carbohydrate epitopes (Imamura et al., 1985;  of pheromone receptors would preferentially recognize. Mori, 1987) , and G proteins G o and G␣i2 (Halpern et al., Alternatively, the presence of two evolutionary unre-1995; Berghard and Buck, 1996) , discriminates the apilated families of pheromone receptors might reflect the cal from the basal half of the VNO neuroepithelium and existence of independent, although not necessarily distinguishes axonal fibers as they reach the anterior structurally different, pheromonal cues involved in disversus the posterior half of the accessory bulb. Cosegtinct physiological processes. According to this model, regation of G o and G␣i2 with two unrelated families of the two sets of VNO neurons connected to either the pheromone receptors is particularly informative beanterior or the posterior half of the accessory bulb would cause it suggests the existence of two divergent signal ultimately project to a distinct area of the limbic system transduction pathways employed by spatially segreinvolved in different behavioral or endocrine responses. gated neuronal networks. These data support the conWhat could be the physiological basis for a dual struccept that the VNO evolved two separate functional units ture of the VNO? A classical dichotomy in pheromonein order to detect and process pheromone signals.
mediated signals has distinguished "releasing" pheromones, inducing immediate behavioral changes such as mating or aggressive behaviors, from "priming" pherThe G o-VN Family of Putative Pheromone Receptors omones, which elicit long-term and mostly endocrine modifications like induction or inhibition of female esProtein sequences indicate that the Go-VN receptor family shares similarities with a large group of G proteintrous (Halpern, 1987) . This concept has been primarily defined in insects (Wilson, 1963) , and although most coupled receptors that includes the Ca 2ϩ -sensing receptor and metabotropic glutamate (mGluR) and GABAb pheromone-induced behaviors in mammals are closely associated with endocrine changes (reviewed by Wyreceptors (Houamed et al., 1991; Masu et al., 1991; Brown et al., 1993; Pollak et al., 1993; Kaupmann et al., socki, 1989) , it is conceivable that releasing and priming responses are mediated by distinct neuronal networks 1997). Thus, it seems most likely that the G o -VN putative pheromone receptors adopt a similar molecular archilinked to segregated populations of VNO sensory neurons. The dual structure of the VNO might also be intecture with a large extracellular N-terminal region involved in ligand recognition preceding seven closely volved in the segregation of signals driving reproductive and nonreproductive or parenting behaviors, species, of new characteristics in pheromone perception leading to behavior. and individual recognition.
It is also possible that two evolutionarily independent sets of sensory neurons have been selected in order to mented (Murphy and Schneider, 1970; Scheller et al., were performed and checked according to Dulac and Axel (1995). 1982; Singer et al., 1986) .
Southern blot analysis of single-cell cDNA was used to detect expression of tubulin, OMP, G o, and G␣i2 (Dulac and Axel, 1995) . Eighteen cDNAs showed strong hybridization with tubulin and OMP probes, indicating that they originated from mature neurons, and
The Molecular Topography of the were selected for further study.
Vomeronasal System
Cells VN3 and VN13 exhibited high levels of Go expression,
The existence of two segregated populations of VNO whereas VN10 showed presence of G␣i2, indicating the origin of neurons that express distinct families of pheromone rethese cells from two distinct regions of the VNO neuroepithelium.
ceptor genes G␣ i2 -VN and G o -VN and that project to a VN13 single-cell cDNA library was prepared according to Dulac and Axel. distinct area of the accessory bulb demonstrates a first level of topographical organization in the vomeronasal is likely to project to one of four quadrants of the main olfactory bulb (Ressler et al., 1993 (Ressler et al., , 1994 The repertoires of innate and stereotyped behaviors and blot using the Go-VN13B probe at both high (65ЊC) and low (55ЊC) hormonal changes induced by pheromones are strikstringency. This led to the identification of 22 cDNA clones with ingly different in males, females, and sexually immature insert sizes longer than 3 kb. Among those, six distinct subfamilies animals (reviewed by Halpern, 1987; Wysocki, 1989) .
were defined by absence of cross-hybridization under stringent conditions of hybridization and washing. Full-length clones (G o-VN1 to
The sexual dimorphism and age-related differences in able differences in their distribution in VNOs dissected from males, females, and young animals. This provides DNA Sequencing and Sequence Analysis DNA sequencing was performed using ABI Prism dye terminator a molecular basis for differential activity in the VNO cycle ready reaction (Perkin Elmer) according to manufacturer's depending on the gender and the degree of sexual matuprotocol. Samples were run on an ABI Prism 310 Genetic Analyzer rity of the animal. In addition, the difference observed (Perkin Elmer). in Go-VN2 distribution in adult males or females reinSequence homologies were determined using the BLAST system forces the conceptual importance of the organization of (NIH network service). Pairwise and ClustalW alignments (BLO-SUM30 matrix setting) as well as Kyte-Doolittle hydropathic analysis the VNO into discrete functional units. organization of the vomeronasal neuroepithelium during from adult male (8-to 9-week-old), adult female (9-to 11-week-old), and young (1-week-old) rats. Tissues were embedded in Tissue-Tek puberty that is consistent with the acquisition in adults
